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SUMMARY

To obtain the greatest benefit from a satellite or space

probe experiment, the effects of the complete spacecraft infor-

mation system on these data must be considered. This system

includes the detectors, the signal conditioning equipment, the

telemetry link, the data reduction equipment, and the method of

data display. This report reviews the present state of the art of

instrumentation for cosmic ray, solar proton, solar plasma, and

geomagnetically trapped radiation experiments.

The detector arrays and the instrumentation required to

condition the signals from the detectors are steadily growing

more complex to permit more meaningful and accurate measure-

ments. A sampling of present basic linear and logic circuits is

examined, and several spacecraft systems are discussed to illus-

trate the combining of these fundamental circuits. The telemetry

link and the operational requirements of an active spacecraft are

discussed, and the necessity for adequate data handling facilities

on the ground is emphasized.
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SPACECRAFTINFORMATIONSYSTEMS t

by

George H. Ludwig

Goddard Space Flight Center

INTRODUCTION

The value of earth satellites and space probes for gathering scientific information

about the physical universe is well established. Since these spacecraft are very expen-

sive, it is necessary that considerable thought be given to maximizing the amount of in-

formation which can be obtained from each one. This report contains a discussion of

some of the difficulties involved in conducting an experiment in space and some of the

techniques which are available for this purpose.

Any experiment, no matter where it is conducted, may be thought of as a generalized

system as shown in Figure 1. The end elements are the basic sensors and the final

HYPOTHESES AND
RESULTS OF OTHER

EXPERIMENTS

11,11
,TOBE _ SENSOR]-- --[CONDmONINGJ--_ ANALYSISREDUCTION OFRESULTSMEASURED L
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---._. TELEM ETRY ?

Figure 1 -- General outline of the elements and information flow of an experiment

tThis paper was presented as part of the course on Cosmic Radiation, ,Solar Particles, and Space Research, Scuola Inter-
nazionale di Fisica "Enrico Fermi", Varenna sul Lago di Como, Italy, on May 23-June 3,1961.



report of results. The intermediate elements are the signal conditioning instruments,

which convert the signals from the basic sensors into usable electrical quantities, the

process of reduction of these electrical quantities into a form which can be used by the

experimenter, and the analysis of the data. In addition, for many experiments it is nec-

essary to add storage in one or in several places. (Storage may actually be a part of all

the blocks in Figure 1.) For example, if the sensor is a self-integrating ion chamber of

the Neher type, it provides a storage function of its own. If the pulses appearing at the

output of this chamber are counted, then this counter represents a second form of stor-

age. A tape recorder is often incorporated into the signal conditioning and data reduc-

tion systems; and the placing of the reduced data on an oscillograph record or in tabular

form is also storage.

The major difference between the general outline shown in Figure 1 and a spacecraft

system is the addition of a block representing the telemetering of the data from the

spacecraft to the earth. This block can, in principle, be placed anywhere along the line.

of data flow. In general, the information bit rate along this line decreases as one pro-

gresses from the left to the right end of the diagram. It must be remembered that the

experimenter may see his data for the first time at the output of the telemetry system.

The factors which determine where the telemetry system should be placed along the line

of data flow for any specific experiment include:

1. The ability of the experimenter to predict the results. If the experimenter knows

where in the possible range of values his results will occur, he may arrange for consid-

erable processing in the satellite before he sees the data. If, for example, he is measur-

ing the energy spectrum of protons in the cosmic ray flux, and if he already has a general

idea of the energy spectra of all the constituents, he might concentrate on the protons and

reject all other particles. He might go so far as to include a computer in the spacecraft

to determine an analytic function that would represent the spectrum. Then he would need

to telemeter only a set of coefficients rather than an extensive set of data points. On the

other hand, if very little is known about the phenomenon, it may be necessary to tele-

meter all data directly from the sensor and then, after a preliminary investigation of the

raw data on the ground, to determine how they should be conditioned and reduced.

2. System reliability. The larger the amount of data processing in the spacecraft,

the greater is the complexity and the smaller the reliability of the system. If the experi-

menter were to telemeter only the coefficients discussed above, he would need to have a

high degree of confidence in his instrumentation.

3. Information bandwidth available for data transmission. Obviously, the first alter-

native discussed under (1) above would require far less information bandwidth than the

second.



4. Time available for the preparation of the experiments. Complex spacecraft data

processing systems require a long time for development and calibration.

Obviously, the best location along the line of data flow for placement of the teleme-

try system can vary widely, even among experiments on the same spacecraft. Thus, any

acceptable central spacecraft data handling system must be carefully designed to permit

the necessary flexibility.

GENERALCONSIDERATIONS

On spacecraft containing more than one experiment, the signal conditioning instru-

mentation is often split into two sections. The first section consists of the detectors and

the circuits which process their outputs up to the point where the central system com-

bines the data from a number of experiments. The second section includes the instru-

mentation in the central system, which may further process and store the data before

transmission. As attempts are made to measure the characteristics of the phenomena

in greater and greater detail, more and more data processing in the spacecraft before

transmission will become necessary. This trend is expected to continue to the point

where programmable computers will be used aboard the spacecraft to perform complex

analyses. This results from the fact that the computers will require less payload weight

than will be required to meet the electrical power demands of telemetering very large

quantities of raw data, and that conservation of ground receiving station capabilities and

data reduction facilities will be necessary.

Many different detectors exist for studying energetic particles. Table 1 lists them

and indicates their applicability for use on spacecraft. Most of these detectors rely on

the process of ionization for operation: The particle being detected produces ionization

in the detector and the electrons, ions, and photons which result are gathered and ana-

lyzed. Some of the characteristics of the electrical signals which appear at the detector

outputs are also summarized in Table 1. These are the signals which must be prepared

for storage and transmission over the telemetry link by the signal conditioning

instrumentation.

The raw information must be converted into a form which is the most meaningful

form practicable, and capable of being transmitted over a telemetry link. Also:

1. The telemetry must be accomplished within the smallest information bandwidth

practicable.

. The instrumentation must meet the requirements of ruggedness, relatively low

operating power, light weight, and relatively small volume imposed by the

launching vehicle capabilities and the launching environment.
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3. The instrumentation must be reliable while operating unattended for long periods

in the space environment.

The operations most often performed on the outputs of detectors which are basically

electronic in nature include logic operations (coincidence, anti-coincidence, etc.), pulse

shaping, impedance transformation, event counting, time interval measurement, sorting,

amplification (either linear or nonlinear and of either pulses or analog quantities), con-

version from analog to digital form, and storage.

BASIC CIRCUITS

Many experiments use a number of individual detectors in arrays. The outputs of

these detectors are often acted upon by logic circuits. It is convenient to represent the

logic operations by a special symbolic language known as Boolean algebra (Reference 1).

In this language:

AB = C represents the logic operation "output C if A and B",

A + B = C represents the operation "output C if A o...£rB",

= B represents the operation "B if not A".

The operations AB and A + B are accomplished by the use of AND and OR logic cir-

cuits, as shown in Table 2. Commutative, associative, and distributive laws hold for

these operations as follows:

Commutative laws: AB = BA

A+B = B+A

Associative laws: A(BC) = (AB)C

A+(B+C) = (A+B)+C

Distributive laws: A(B + C) = AB + AC

A+ (BC) = (A+ B)(A+ C)

By the use of these laws and Table 2, it is possible to describe any logic system in terms

of a symbolic expression.

A number of the detectors listed in Table 1 have pulse outputs which can be acted

upon by these logic systems and by scalers with a minimum of preconditioning. For ex-

ample, detectors which produce pulses having approximately fixed characteristics -- such

as Geiger-Miiller (GM) counters- as a result of any detectable event, use nonlinear



Table2
LogicOperations

SymbolicForm Description BlockDiagram SchematicDiagram

AB= C

A+B = C

m

A=B

C if A and B

C if A or B

B if not A

A__

A

÷

I

amplifiers and pulse shaping circuits to provide proper driving signals for later circuits

and to help establish the threshold characteristics for the system. Figure 2 shows a

simple pulse amplifier and shaping circuit used with GM counters to produce driving

pulses for scaling circuits. It is a simple current-fed driver which produces a saturat-

ing output pulse when the GM tube discharge current passes through the base-emitter

junction. This very simple circuit contains few components, but has the disadvantage

that the system dead-time characteristics depend on the pulse-amplitude and dead-time

characteristics of the counter; and on the pulse-amplitude threshold of the scaler input;

and these in turn both depend to some extent on the supply voltages and operating tem-

perature. The circuit of Figure 3 is a partial solution to this problem. It uses the volt-

age pulse obtained from the GM tube center wire to trigger a monostable multivibrator.

Thus, the total dead-time is, to a first approximation, the sum of the multivibrator pulse

width and recovery times. It is interesting to note that in this multivibrator circuit

essentially no current flows except when a pulse occurs, because both transistors in the

multivibrator are cut off in the quiescent condition and conduct only during the pulse

interval.

The counting or scaling circuit shown in Figure 4 meets the requirements of sim-

plicity and operates over a wide temperature range (References 2-5). This very simple



+H.V. +3.0V

G.M. TUBEt IM I 47K

I 100K

TO SCALER

Figure 2 - A simple pulse amplifier

and shaping circuit used with GM

counters to produce driving pulses for

scaling circuits (used in Explorers I

and III by SUI)

Figure 3 -- Monostable multivibrator

drlven by the voltage pulse obtained from

the GM tube center wire. (Used in Ex-

plorer XII by GSFC)

+H.V.

G.M. TUBE 1 2_?

l IN1313

+12V
i

10K _ 200

50 > tK

TO SCALER
-- ,,_--_OR COINCIDENCE

. . CIRCUIT

2N495 _ _-_ 33

I =

 1oK . 11K  IOOK

+5.0V

INPUT > lOOK
lOOK,

470K 220y220 470K

33 / IN625 _L 33

__ -'_ OUTPUT

2N707 -1 / x ---_ b_ 2N703

Figure 4 -- Simple counting or scaling

circuit (used in Explorers I, III, IV,

VII, S-46 t, Pioneer IV, V by SUI

and U. Wisc.)

tNot successfully launched.



circuit, requiring less than a milliwatt of power per stage, can be used whenever the

counting rate does not exceed 5000 per second and whenever a low output impedance is

not required. Like the other scalers described below, it is capable of driving two simi-

lar circuits with no interposed circuitry. Its attractiveness lies in the relatively few

components required. It operates reliably over the temperature range from - 50 to

+ 90 ° C and over the supply voltage range from 4.5 to 8 volts. When faster operation is

necessary, a modification of this circuit can often be used, in which the pulse steering

circuit time constant and the values of the collector and cross coupling resistors are

halved (References 4, 5). This circuit, which operates at rates as high as 30,000 counts

per second, also requires less than a milliwatt of power per stage.

When an even higher operating speed or a low output impedance is required, the

complementary symmetrical scaler shown in Figure 5 can be used (Reference 6). In this

circuit, the fixed collector resistors of the circuit in Figure 4 are replaced by transis-

tors in a configuration in which one transistor is cut off and the other is conducting in

each branch. Therefore, the output impedance and the current are low in both stable

states. This circuit has been used at rates up to 250 kc over the temperature and volt-

age ranges from - 30 to + 90 °C and 4.5 to 12 volts respectively, with a power requirement

of less than 1 milliwatt per stage. Slight modifications of this circuit have been used at

rates up to several megacycles per second.

+5.0V

56K

2N865 2N865

47K 47K

150 INPUT 150

3.9K 3.9K

150 150

47K 47K

OUTPUT

2N703 2N703

Figure 5 -- Complementary symmetrical 250kc scaling circuit.
in Atlas-Able V, Explorer XII by GSFC)

(Used
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INPUT>

+5.Or

68N

2N329A

N338

OUTPUT

Figure 6- Basic "bootstrap" dc coupled amplifier

G= R1 -t- R2

R1 -I- R2=5K

0
>
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>
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!

///,
o,J/J/

///

,i,

/,

7

////
////

0 ooo_ 1 2 3

o o o o V,. (volts)

Figure 7 -- Amplifier voltage gain for the basic "bootstrap"

dc coupled amplifier (see Figure 6) with G = 2
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Linear pulse amplifiers are required to amplify, by known and constant factors, the

pulses from ion chambers, proportional counters, scintillation detectors, Cerenkov detec-

tors, and solid state detectors. Due to the strong dependence of transistor parameters

on operating conditions, it is usually necessary to employ large amounts of negative feed-

back to stabilize the aznplifier characteristics. This also helps to improve the high fre-

quency response of the amplifiers. Figure 6 shows a basic "bootstrap" dc coupled am-

plifier (Reference 4), in which the gain depends almost entirely on the ratio (l_ 1 + R2 )/R 2.

Figure 7 shows the gain curve for this amplifier for several temperatures. It can be

seen that the ac gain, or slope, is essentially independent of temperature.

Figure 8 is a schematic diagram of a pulse amplifier based on this circuit which was

used in Explorer IV with a scintillation detector (Reference 7). The thermistor in the in-

put stage was used, not to make the amplifier characteristics independent of tempera-

ture, but to introduce a nonlinear temperature dependence, thus balancing the photomul-

tiplier tube characteristic to produce a flat temperature characteristic for the entire

system. The gain of this amplifier was 150, the rise time was 0.3 microsecond and its

operating power was only 10 milliwatts.

220KI
FROM P.M. /_2N496 6_"'_00 _> [

"= _ 6.81(

+5.0V

•/_ ADJUST TO GIVE

0.2 ma COLLECTOR
390 CURRENT

T

Figure 8 -- Linear pulse amplifier based on the basic "bootstrap" dc coupled amplifier (see Figure 6);
used in Explorer IV with a scintillation detector by SUI

Another fast linear pulse amplifier is shown in basic form in Figure 9. This is an

operational amplifier in which the gain is, to a first approximation, -R1/I_ 2 if the first

stage input impedance is high, the second stage gain is high, and the load impedance is

high. A two stage amplifier and emitter follower having an overall gain of 100 is shown

in Figure 10.t Both the bootstrap and operational amplifier circuits shown possess high

input and low output impedances and linear operation at frequencies higher than 1 Mc.

tThis amplifier forms part of the 32 channel satellite-borne pulse height analyzer developed under NASA contract by the

Radiation Instrument Development Laboratory.
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R2

INPUT

+5.OV --lO.OV

RI t IK

" _" _z _ OUTPUT

_N G=- R--_I-"; 697 1132

= +2.5V

Figure 9 -- Basic operational linear amplifier

+IOV +2.5V -5V -.-,SV +10V +5V -IOV +10V

,¢
150K i 10K<

.01

I0

I00

INPUTS697

;K @ 4.7K

--5V

20K

lOmh

0.1 2K

20K

-t-2.5V

2N697

20K

100:

+2.5V

10mh

?N697

(3) 33

2Nl132

-SV

Figure 10 -- Two stage amplifier and emitter follower with an overall gain of 100 (Developed by
Radiation Instrument Development Laboratory and Used on Explorer XII by GSFC)
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They can be used with all pulse detectors by properly adjusting the number of stages and

stage gains, and by providing suitable input circuits.

It is often necessary to convert an analog voltage or current to a digital signal. In

some cases this operation can be performed in the detector itself, as in the Neher self-

integrating pulse ion chamber. In this device, a coated quartz fiber is given an initial

electrical charge with respect to the chamber wall by connecting it to a high voltage

source. Upon receiving this charge, the fiber deflects away from the charging post. The

charge on the now isolated fiber gradually leaks away because of ionization produced in

the chamber by the incidence of energetic charged particles, the leakage rate depending

on the rate of ionization. When the charge is nearly neutralized, the fiber again touches

the charging post, acquiring a new charge and producing a pulse at the chamber output.

Thus, the output pulse rate is proportional to the total rate of ionization in the chamber.

Auxiliary circuits are sometimes used to perform a similar integrated-current to

pulse rate conversion. Figure 11 shows a simple relaxation oscillator used to convert

current in the range 10 -s to 10-9 ampere to a pulse rate (Reference 8). This technique

has been applied to measuring the current through cadmium sulfide solid state detectors,

the integrated ion current in an ion chamber, and the integrated dynode current in a

scintillator detector. By the proper choice of circuit components, stable operation can

be obtained over a wide temperature range.

The circuit as shown in Figure 11 cannot reliably be used to measure currents

smaller than 10-9 ampere because a current of that magnitude can leak through the dis-

charge tube without causing a complete ionization. A simple modification of the basic

circuit, however, will permit measurement of currents lower by several orders of mag-

nitude. This is accomplished by superimposing a low amplitude periodic waveform on

the discharge element. A circuit employing an auxiliary relaxation oscillator to gener-

ate this waveform is shown in Figure 12 (R. S. Rocklin, General Electric Company, pri-

vate communication). It is capable of measuring currents to about 10-12 ampere.

CHAMBER

INPUT FROM > i _!

CURRENT
SOURCE NE--76 OR

NE--81

33K

OUTPUT TO
4500 SCALER DRIVER

T " 15K

Figure 11 --Relaxation oscillator (ana-
log-current to pulse-rate)converter (used
in S-46 by SUI)

?

NE--76

Figure ]2- Converter For measuring low

current (Developed b 7 the G. E. Co.)

NE--76

--.--i F---*OUTPUT TO

:33K SCALER DRIVER
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SIMPLE SUBSYSTEMS

By the use of combinations of slight variations of the basic circuits described above

and in Table 2 it is possible to build many subsystems to perform operations at the sec-

ond level of complexity. To illustrate: a voltage amplitude can be converted from analog

to digital form by means of the circuit shown in the block d_gram of Figure 13. It can be

used as shown for inputs having variations that are slow compared to the clock rate. If

the input amplitude variations are more rapid, a pulse lengthener or level clamping cir-

cuit can be used to hold the level for the duration of the measurement. Action is initiated

by applying a "begin conversion" pulse w_ch opens the clock gate. The scaler counts

clock pulses until the stairstep level first exceeds the input amplitude. At this point, a

comparator output appears which closes the clock gate. The amplitude is then contained

in digital form in the scaler and can be commu_t_, shifted out, or used directly to ad-

dress a storage matrix.

The pulse height-to-time converter shown in block diagram form in Figure 14 con-

t_ns a Afferent type of an_og-to-_gi_l converter in which a capacitor is imU_lly

charged to the input amplitude and a clock gate is opened. The capacitor is permitted to

NPUTCOMPARATORI= IVOLTAGE

CLOCK ,_
PULSES

GATE I

t
° IMULTIVI BRATOR

R S

.I t
BEGIN

CONVERSION

STAIRSTEP

GENERATOR

Lt
I°°° ISCALER

O O O O

tit
I COM M UTATOR I

t
0

COM M UTATOR
ADVANCE

Figure 13- Stalrstep analog-to-digltal voltage converter

OUTPUT



Input From
Pulse Amplifier _

Emitter
Follower

Peak " 1

Charging
Circuit

Capacitor
Threshold
Detector

15

_.___ To Clock

Gate

Constant
Current

Discharging
Circuit

Figure 14 - Ramp pulse-height to time converter

discharge at a constant rate until its voltage reaches a threshold value, at which point

the gate is closed. Thus, the gate width is proportional to the input voltage minus the

threshold voltage. The gate allows clock pulses to be counted by a scaler, and at the end

of the conversion the digital number again resides in the scaler. The conversion speed

is about the same as that of the circuit of Figure 13. Both this and the previous circuit

can be made with a zero offset by biasing the stairstep off-zero in the case of the previ-

ous circuit, and by making the threshold voltage non-zero in the latter circuit.

COMPLETESIGNALCONDITIONINGSYSTEMS

In a spacecraft, the detectors and signal conditioning elements must be assembled in

such a manner that meaningful data can be sent to the ground station from a number of

detectors, often over a single telemetry system. For example, data from one detector

may be accumulated and partially processed while data from another detector are being

telemetered. More specifically, the pulse height spectrum from a scintillation counter

may be determined and stored in a magnetic core storage matrix while data from a GM

counter previously stored in a scaling circuit are being transmitted. Most of the ener-

getic particle detectors can be used in similar time sharing systems. In those cases

where full time telemetry is required, the data are either frequency multiplexed or a

separate transmitter is used. To illustrate the manner in which data from a number of

different detectors are processed, stored, and multiplexed onto a central telemetry link

a number of spacecraft systems will be described.

The Explorer I instrumentation is an example of an extremely simple system in

which a minimum amount of processing was accomplished before telemetry (References 2

and 9). As can be seen in Figure 15, the information from each sensor directly modu-

lated a subcarrier oscillator, and the subcarrier oscillator outputs were summed in two

groups and used to modulate two independent transmitters. The two independently oper-

ating systems provided redundancy to increase the reliability.
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The Explorer III system is an example of a satellite data handling system in which

very little data processing was employed, but in which tape recorder data storage was pro-

vided to allow recovery of information from all positions in the orbit (Reference 10). Fig-

ure 16 indicates schematically the manner in which the recorder was used. It should be

noted that the tape recorder was made digital in nature, i.e., the tape moved in discontinu-

ous steps, because of the essentially digital nature of the data. This resulted in a low aver-

age power requirement for the tape recorder of only 35 milliwatts. The data capacity was

7200 binary bits.

The instrumentation used in Explorer VI (Figure 17), is an example of a somewhat

more complex data system (Reference 11). This greater complexity resulted from the

larger number of experiments carried and a more advanced telemetry encoding system

I G.M. [_
COUNTER

SPOOL

ERASE
MAGNET

TRANSMITTER I PLAYBACKHEAD

ENCODER
(INHIBITOR)

TIME
BASE

RECORDER
DRIVE

1 SUPPLY

N _ SPRING

S

TAPE

7

RATCHET

f-TAKE UP SPOOL

PAWL PLAYBACK
OLENOID

ADVANCE

SOLENOID

EDDY I
.... CURRENT

BRAKE

Figure 16 -- Simplified diagram of data storage and readout system for Explorer III

I I RECIEVER
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employed. It should be noted, however, that the amount of data processing before transmis-

sion was still small. All the detectors provided outputs to simple preconditioners whose

outputs were telemetered. The digital encoding system was a departure from previous

practice. An orthogonal code and coherent modulation were employed to decrease the word

error probability for low signal-to-noise ratios, as will be described later in this paper.

Because this was a new system, a separate telemetry system employing the older frequency

multiplexing technique was included as a back-up.

The Explorer XII satellite is an example of a present generation system in which many

detectors were employed and in which there was a large amount of data processing before

telemetry. Figure 18 is an artists drawing of the complete satellite, which was launched

into a highly eccentric orbit (apogee greater than 10 earth radii). The instrumentation was

designed to investigate the charged particle energy spectrum from about 100 to more than

109electron volts. Figure 19 indicates the particle fluxes and energy values which were

measured. The energetic particles experiments for these investigations were furnished by

the NASA Goddard Space Flight Center, the State University of Iowa, and the NASA Ames

Research Center. A two-axis flux gate magnetometer was provided by the University of

New Hampshire. The satellite structure, power system, telemetry system, thermal con-

trol system, despin system, technological experiments, and optical aspect sensor were de-

veloped by the Goddard Space Flight Center

Three of the Goddard Space Flight Center experiments form a major experimental

subsystem which will be described to illustrate the more complex data processing tech-

niques employed. These experiments were designed to assist in the study of (1) the cosmic

ray accelerating mechanisms, (2) the modulation mechanisms which result in the ll-year

variation and the Forbush decreases accompanying certain types of solar activity, and (3)

the mechanisms by which solar cosmic rays are produced and modified by solar weather.

This instrumentation is shown in block diagram form in Figure 20. The first detector

was a double scintillator telescope which was capable of measuring the proton spectrum in

the energy range 70 to 700 Mev. Only particles traversing both elements of the assembly

were processed. When a coincidence was obtained, the pulse from one of the scintillator

detectors was analyzed by a pulse height analyzer, which sorted the pulses into one of 32

storage channels depending on which of 32 amplitude increments they fell within. The ana-

lyzer used the linear pulse amplifier of Figure 10 and a pulse height-to-time converter of

the type shown in Figure 14. The gated clock pulses were counted in the address register

of a magnetic core storage matrix. At the completion of this operation, one count was added

to the number previously stored in the channel addressed by the address register. At the

completion of the store mode, the complete pulse height spectrum (differential energy spec-

trum) was contained within the 16 by 32 core matrix. During the readout mode, these 512

binary bits were sequentially telemetered. The pulse height analyzer described above, de-

signed for use in spacecraft by the Radiation Instrument Development Laboratory, is available
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Figure 18 -- Artist's drawing of Explorer XII
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in a package measuring 15.2 × 15.2 x 12.7 cm, weighing 2.5 kg, and requiring about 1 watt

of power.

The second detector, used in this instrumentation to extend the proton energy spectrum

down to about 1 Mev, was a thin CsI scintillator detector. The pulse height distribution

from this detector was determined by an eight channel integral pulse height analyzer de-

veloped at the Goddard Space Flight Center (Reference 6). In this analyzer, a pulse ampli-

tude discriminator level was established by the voltage generated by an eight level stair-

step generator. All pulses having amplitudes greater than the discrimination level were

counted by a scaler. For each level the pulses were accumulated and then read out. The

discriminator was sequentially stepped through its eight levels.
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The third detector employed two Anton type 1003 pancake GM counters arranged to

serve as a simple, reliable cosmic ray monitor and to check on the information received

from the other two detectors. The counters formed a telescope array, and the coincidence

rate and the rate from a single GM counter were accumulated and telemetered sequentially.

A commutating system was included to allow all three detectors to use a common

telemetry channel. At the beginning of the commutator cycle the GM counter coincidence

events were accumulated for about 1.6 seconds and read into the telemetry system during

the following 0.96 second. Then the single GM counter output pulses were accumulated

and read for comparable time intervals. The single scintillator detector output pulses,

with the discriminator set at the first stairstep level, were accumulated and read during

the next 1.6 and 0.96 second periods, respectively. This was repeated for stairstep levels

two through eight. Thus, 25.6 seconds were required for reading the counting rates of

these two detectors. This sequence was repeated 12 times, requiring a total of slightly

more than 5 minutes.

During the time the GM counter and single scintillator detector pulses were being

accumulated and read, pulses from the double scintillator telescope were being analyzed

and stored in the magnetic core memory. At the completion of this sequence, the data

lines to the telemetry system were switched to the analyzer storage system and its read-

out began. The stored data were telemetered several times during the ensuing 102 sec-

onds. Thus, a new energy spectrum and a complete set of GM telescope and signal scin-

tillator detector data were obtained every 6.7 minutes.

The subsystem outlined above, including the pulse-height analyzer, was fabricated in

the form of five subassemblies using approximately 530 transistors, weighing 5.8 kg, and

requiring 1.4 watts of electrical power. One of the circuit boards (subassemblies) used

in the construction of the subsystem is shown in Figure 21. This circuit board contains

the scaler (of the type shown in Figure 5) used to accumulate the GM tube and single scin-

tillation detector pulses, and the matrix required to read it into telemetry system.

ADVANCED SPACECRAFT CENTRAL DATA HANDLING SYSTEMS

In line with the development of the larger standard observatory spacecraft, such as

the Orbiting Geophysical Observatory (OGO) and Mariner, large centralized data handling

systems are being developed which can accept the standardized outputs of many sensors

and directly associated signal conditioning systems. The OGO data system shown in Fig-

ure 22, is an example of this type of advanced system for use in earth satellites where the

transmission path length is less than 20 earth radii. This system actually contains three

subsystems: a wide-band digital data subsystem, a special purpose analog subsystem,

and a radio command subsystem. Since the digital subsystem includes analog-to-digital

converters, it will be able to accept a wide variety of digital and analog inputs. The
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Figure 2t -- The Explorer XII cosmic ray experiment logic system accumulator card.
This subassemblyis 17.8 cm long.

wide-band subsystem will be capable of telemetering at one of three binary bit rates, 1000,

8000, or 64,000 bits per second, which can be selected by ground command. The digital

information will be presented in 9-bit words, with each word representing a data sam-

ple, so that about 115, 920, or 7360 words per second can be telemetered. A commutator

will be included to allow the sampling of as many as 50 experiments according to a pre-

determined format. Thus, on the average, 140 readings per second can be telemetered

from each experiment.

The wide-band system also includes a tape recorder storage system capable of storing

85 million binary bits. Continuous storage at a rate of 1000 bits per second is being pro-

vided, and readout of the recorder at a high rate by ground command will be possible.

Thus, data will be recorded from all positions in the satellite orbit.
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The special purpose telemetry is being provided for wide-band experiments whose

data cannot be digitized easily. The transmitter and antenna system are being provided

as a part of the spacecraft, but all signal conditioning instrumentation will be provided by

the participating experimenters. The system will have a 200 kc bandwidth.

The command system will be included to permit partial control and fault correction

in the spacecraft. Commands will be provided to (1) permit overriding of the stabiliza-

tion, thermal, and other subsystems, (2) permit control of the data system, (3) turn ex-

periments on and off, and (4) control scaling factors, ranges of operation, etc., in the ex-

periments. A total of about 250 commands will be possible.

In the development of these central spacecraft data handling systems, the goal is to

make them as universal as possible and to make the interface between the experimental

instrumentation and the data handling systems as simple and well defined as possible. This

is expected to reduce the effort required by the experimenters in making instrumentation

for many different spacecraft and in making equipment that will work with the data sys-

tems properly the first time they are mated.

TELEMETRY

Once the detector signals are processed into a form suitable for transmission, the

next problem is that of telemetry. The goal is to obtain as much power per data bit at the

ground receiver output per unit transmitter input power as possible, while keeping the

noise at the receiver output as low as possible.

The familiar equation for signal-to-noise power ratio is developed as follows (Ref-

erence 12): The power area density at a point in space (magnitude of the Poynting vector)

is

WtG t
p -

4_R2 '

and the power intercepted by a receiving antenna is

PA
W - l

Thus, the received power is

WtGtAr

W l 4rrR2 '
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wherewt is the transmitted power, G t is the gain of the transmitting antenna, Ar is the ef-

fective area of the receiving antenna, 1_ is the distance between transmitting and receiving

antennas, and I includes the losses due to polarization misalignment, cabling, etc. Note

that the received power is stated in terms of the gain of the transmitting antenna and the

effective area of the receiving antenna. Either the gain or the area of either antenna could

be used, since the gain and effective area of any antenna are related by the expression

Ar = G >_/_n where >_is the wavelength.

Table 3 lists the gains and effective areas of several common antennas. The question

of whether A or G should be used depends only on which is the more significant for a given

antenna. As isotropic antenna is defined as having unit gain (for all frequencies} and is

therefore most easily characterized by G. A parabolic antenna, on the other hand, is more

conveniently characterized by its effective area, since Ar is simply related to its geometric

area, while its gain is a function of frequency.

Table 3

Power Gains and Effective Areas of Several Common Antennas

Radiator

Isotropic

Infinitesimal dipole or loop

Half-wave dipole

Parabola (Geometric Area = A)

Broadside array (Area = A)

Turnstile

Gain Above
Isotropic

1

1.5

1.64

(6,3 to 7.5) A/X 2

4_A/_ 2 (maximum)

1.15

Effective
Area

>,2//4_

1.5>,_/_

1.64>,_7_

(0.5 to 0.6) A

A (maximum)

1.15;_ 2/'4_r

The selection of an antenna for the ground station depends on a number of factors

(Reference 13 and 14). For reception from satellites within several hundred kilometers

from the earth, where the initial acquisition must be rapid and the maximum angular rate

at the receiving station may exceed 2 degrees per second at the zenith, and for presently

used frequencies, the antenna size is limited by mechanical mobility. Present antennas

for this purpose located at the stations which make up the Minitrack net are made up of

stacked Yagi antennas with total power gains of about 20 db. For spacecraft at distances

of more than several earth radii, the limiting factor is a different one. The parabolic

antenna is presently capable of giving larger gain for this application than any other type

for a given expenditure of effort. But, for the relation between the effective and geometric

areas listed in Table 3 to hold, the mechanical surface irregularities of the reflector must

not exceed about x/16. Thus, as the parabolic antenna is made larger and larger (with

constant frequency), a point is reached where a further increase in size will not result in
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a proportionateincreasein antennagainunlessa large refinementin theprecisionof an-
tenna construction is made. Figure 23 shows the relation between the antenna power gain
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Figure 23-- Antenna power gain vs. frequency for

the 85- and 250-foot diameter parabolic antennas.
The antenna diameter isd, and c_is the magnitude
of the surface irregularities.

and frequency for two parabolic antennas

in present use -- the 250 foot diameter an-

tenna at Jodrell Bank and the 85 foot di-

ameter antenna at Goldstone Lake, California.

The ratio of surface irregularity to di-

ameter _//d : 10 -4 for the upper curves

represents a construction precision of

about 3/4 cm for the 250 foot antenna and

about 1/4 cm for the 85 foot dish, while

the value 2.5 × 10 -4 represents precisions

of about 2 and 0.6 cm, respectively.

On the spacecraft, the factors limiting

antenna size and gain are considerably

different. If the spacecraft antenna is not

oriented toward the earth, then a radiation

pattern approaching isotropic is necessary.

Even on stabilized spacecraft, it will not

be possible for a number of years to make

the antenna as large, as accurate, and as

controllable as the earthbound antenna.

During the next few years, areas of tens

of square meters may be possible; and

later, areas of several thousand square meters may be achieved. But it is expected that

the size will always be small compared with that of the earthbound antenna.

The factor t in the expression for the received power represents the losses due to

the cabling from the ground antenna to the receiver preamplifier and to misalignment of

the planes of polarization of the incident wave and the receiving antenna. The cablinglosses

can be expected to be several decibels while the loss due to polarization misalignment de-

pends on the type of polarization employed in the two antennas and on their relative align-

ment. If the spacecraft is stabilized and the polarization plane of the ground antenna can

be rotated to correspond with that of the incident wave, then the polarization loss can be

virtually eliminated. The power attenuation factor caused by polarization vector misalign-

ment in the general case is (Reference 12):

(1 ± Fir2) 2* (rl± r2)2+ (1- r12)(1- r22) COS26 _

-W=.x 2(1 + r12)(1 * r2 2)
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where win.x is the power received when the vectors are aligned and rotating in the same

direction, r 1 is the axial ratio of the elliptically polarized incident wave, r 2 is the axial

ratio of the elliptically polarized receiving antenna, and _ is the angle between the direc-

tions of maximum amplitude of the incident wave and antenna; and the positive sign is to

be used if the rotational sense is the same for the incident wave and antenna, whereas the

minus sign is to be used if they are opposite. Several degenerate cases for this expres-

sion are summarized in Table 4. It should be noted that the polarization of the incident

wave will in general, not be the same as that of the transmitted wave, because of atmo-

spheric effects.

The parameter w is the power actually radiated by the transmitting antenna, and is

less than the total input power to the transmitter by the amount of the cabling losses and

the losses due to transmitter inefficiency. At present, it is possible to achieve trans-

mitting system efficiencies between 30 and 80 percent for transmitters below 1000 Mc,

and on the order of I0 to 50 percent above I000 Mc; these figures are not likely to be im-

proved appreciably. In computing the received information power, it is necessary

that the usable sideband power rather than the total radiated power be used. But in com-

puting the received power for Irac/eing purposes, where only the carrier power is em-

ployed, only the radiated carrier power must be used. If the same transmitting system

is to be used for both tracking and data transmission, then a ratio of carrier to usable

sideband power should be selected which will result in comparable reception thresholds

for the two signals. This ratio can be optimized by a proper choice of modulation method

and modulation index.

Table 4

Polarization Losses for Linear and Circular Polarization

Polarization of

Incident Wave

Circular

Circular

Circular

Linear

Linear

Polarization of

Receiving Antenna

Circular

Circular

Linear

Circular

Linear

Sense of

Rotation

Similar

Opposite

W

Wma x

1

0

1/2

1//2

cos 2
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If there were no interference, any transmitter signal could be received from any dis-

tance by incorporating sufficient amplification in the receiver. Interference, however, al-

ways limits the usable range of communication (References 13, 14, and 15). It enters at

every point in the telemetry link. In the transmitter, it is caused by the instability of the

oscillator. In the transmitter-receiver space link, it enters from galactic, solar, plane-

tary, and atmospheric sources. And in the receiver circuits, interference is generated

by the random motion of electrons and by oscillator instabilities of the type that occur in

the transmitter. Every effort is made to reduce the effect of these interfering sources

in order to produce as high a ratio of received signal power to total interference power

as possible. For most spacecraft data systems the interference produced by oscillators,

both in the transmitter and receiver, can be made much smaller than that from other

sources. The remaining interference is of two types, external and thermal. The external

noise includes mostly man-made noise, which is reduced by locating the receiving stations

as far from civilization as possible, by careful design of the antenna, and by proper choice

of distinctive coding methods to allow reading the data through the noise.

The thermal noise, due primarily to the random motion of electrons, imposes a fun-

damental limitation. The noise power produced by a thermal source is

W1vT = kTB,

where WNT is the noise power, k is the Boltzman's constant = 1.38 × 10 -_s w-sec/°K, T is

the absolute temperature in °K, and B is the bandwidth in cps.

There are two obvious ways of minimizing the noise power: by reducing either T or

B. Since the reduction of B implies reduction of the telemetered information rate, every

attempt should be made to make T as low as possible. The temperature T is the temper-

ature of the equivalent resistor which represents a noise source. It also has a significant

relationship to the equivalent temperature of those portions of earth, atmosphere, planets,

sun, and galaxy which are seen by the receiving antenna. The value of T to be used in the

equation is the properly weighted sum of all the source temperatures, where the weighting

depends on how the source is "seen" by the receiving system. For sources which are in-

ternal to the receiving system or uniformly surround the antenna, the weighting factor is

unity. For sources which occupy only a fraction of the antenna pattern, the weighting factor

depends on the size of the source and where within the antenna pattern it is located. The

weighted temperature Tnw for a source n iS given by

Tnw - 47 Tn(¢,0) G(¢,G) dCd_ ,
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where T° is the equivalent temperature of source n, G is the antenna gain, and _ and _ are

angular coordinates, measured with respect to the central antenna beam axis.

The temperature T, then, is simply

T = _ Tnw
n

Typical values oft for the various sources are as follows:

1. Receiver noise. The equivalent noise temperatures for conventional, parametric-

amplifier, and maser receivers are 2000, 100, and 10 °K respectively.

2. Earth blackbody radiation. If the antenna "sees" the earth within a portion of its

radiation pattern, then noise due to the blackbody radiation of the earth at a temperature

of about 280 °K is received. This source is essentially frequency-independent. Antennas

whose sidelobe levels are low and which accept very little of this noise are called low-

temperature antennas. They are characterized by equivalent temperatures of from 10 to

20 °K. A more conventional well-made parabola and feed may have a temperature of about

100 °K.

3. Atmospheric noise. The atmospheric noise is a strong function of frequency and

of path length through the atmosphere (Figure 24). For angles above the horizon greater

than 10 degrees, the equivalent noise temperature is less than about 10 °K. It can be seen

that the performance of good maser systems will be seriously degraded at elevation angles

below 10 degrees because of the atmospheric noise and because the antenna sidelobes will

intercept the earth. The consequences are not serious for deep space communication

where the elevation angle can be kept greater than 10 degrees, but may be for low altitude

satellites which spend proportionately more time below this elevation angle.

4. Galactic (cosmic) noise. The galactic noise is a strong function of frequency and

of the viewing direction, as is shown in Figures 24 and 25. At 270 degrees celestial longi-

tude in the plane of the ecliptic, the direction is very nearly toward the galactic center,

and a high temperature results from the integrated effect of the large number of discrete

sources seen. The small peak at 90 degrees is the other interception of the galactic and

ecliptic planes. For other directions, the noise temperatures for receiver frequencies of

100 and 250 Mc are about 500 and 30 °K respectively.

5. Radio star, solar, lu_r, and planetary noise. In addition to the diffuse galactic

source discussed above, there are a number of a discrete sources, generally less than a

degree in extent. Included are radio stars, which may not necessarily be identified with

visible objects; the sun; the moon; and the other planets. In speaking of these sources,

which occupy a very small portion of the antenna beam, it is customary to talk of their
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energy flux-density S at the position of the earth rather than T.

described by

k2S
T - 87rk '

and

WND = SArB ,

The relationships are
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where WNDis the noise power from a discrete source, Ar is the effective antenna area, and

B is the bandwidth, as before.

The most intense radio star known is Cassiopeia A. At a frequency of 20 Mc, it pro-

duces a flux density of 5 × 10 -_2 W/m2-cps. The flux density decreases with increasing

frequency, reaching values of 2 × 10-22 and 6 × 10 -24 w/m 2-cps at 100 Mc and 10,000 Mc,

respectively. The next most intense source produces only about half as much flux density

as Cassiopeia A, and only four of the remaining ones reach 10 -23 W//m2 cps. For antenna

diameters of less than about 100 feet, the noise power received from a radio star will be

less than that received from a rather weak galactic region.

The solar electromagnetic radiation is both complex and variable, as Figure 26 shows.

It consists of thermal radiation at a blackbody temperature of 6000 °K on which additional

noise due to solar activity is superimposed. Thus, it can be seen that the sun is a very in-

tense source, and takes on secondary importance in most cases only because it is localized.

The moon and planets may be disregarded as noise sources for most practical con-

siderations. Some of the planets are sources of noise bursts at certain frequencies which

can be avoided. The thermal noise flux density for the moon has been shown to be about

10 -21 w/m2-cps at a frequency of 35,000 Mc, but is presumably immeasurably small at

frequencies below the microwave region. Of the planets, Venus has the highest thermal

flux of 10-24 w/m2_cps at 9500 Mc. As in the case of the moon, the planetary thermal fluxes

are measurable only at microwave frequencies.

The remaining parameter affecting the amount of noise power in the receiver output

is the bandwidth. Both the predetection and the postdetection bandwidths must be con-

sidered. They are approximately equal to the smallest bandwidths encountered in the

circuits ahead of and following the detector, respectively, as long as most noise is intro-

duced ahead of these circuits and all circuits are operated linearly. The value of 13 to be

used in the above noise computation is approximately equal to the smaller of these two

figures. Obviously B should be the smallest value which will still pass the desired infor-

mation. The relationship between B and It, the information bit rate, depends on the type

of modulation and detection employed.
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Figure 26 -- Representatlve solar noise levels as a
function of wavelength

It is now possible to write the complete expression for the signal-to-noise power

ratio at the output of the receiver:

: p 4R2kTB '

where all the parameters have been discussed above. A threshold signal-to-noise ratio

is usually defined as (S/N) T = I. Usable data have been received whentS/N}phas been as low

as several db. It is usually true that (S/N}p = 10 db is considered marginal and (S/N)p = IS db

is desirable when machine data reduction systems are used. In order to produce a better

comprehension of the numbers involved, the relationships among the various parameters

for several sample spacecraft systems are shown in Table 5.
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Table5

RepresentativeTelemetrySystemPerformance

Spacecraft

Explorer I
OGO*
PioneerV

W t

(watts)

0.01

5

5

Transmitter
Antenna Gain

1.64

16.00

1.15

Receiver
Antenna Gain (m)

50 2.78

104 0.75

2 × 10 s 0.31

*Orbiting Geophysical Observatory

R B

(km) (cps)

4.8 × 103 20

9.6 × 104 2 x l0 s

3.2 × 10' 10

@)p
(db)

3

15

3

ENCODING AND DETECTION

The expression given above for the signal-to-noise power ratio is true for systems

using any modulation technique, as long as the values of the various parameters are the

same. This is not, however, a true index of telemetry system performance, since the ex-

perimenter is really interested in the ratio of the amount of information transmitted per

unit time to the total transmitter input power. Several factors in addition to the ones dis-

cussed above cause systems to give different performances. The first is the relationship

between the information and receiver bandwidths. It is customary to express this in terms

of the parameter a = 8/H, where B is the receiver bandwidth as before, and H is the infor-

mation rate in bits per second. The bandwidth should be made just large enough to permit

recovery of the information. The second factor is the ratio of the usable radiated side-

band power to the total transmitter power output.

A comparison of the various encoding methods usually results in the conclusion that

the most efficient one for space telemetry is pulse code modulation (Reference 16). This

is modulation in which a pulse amplitude, phase, or frequency sequentially assumes one

of a number L of discrete values. In many cases this will be simple binary code (off-on

or phase reversal) modulation in which L = 2. Alternatively, a code can be made up of

L words, each one consisting of a number M of binary bits. If 2M> L, then redundancy is

introduced and techniques can be used which result in relatively low error probabilities

for low values of S/N. The moderate complexity introduced by the use of these codes is

warranted in the case of small satellites, deepspace probes, and planetary spacecraft, on

which it is difficult to achieve usable information rates by the more conventional tech-

niques. A particularly interesting code, known as an orthogonal code, is one for which

L = M. and in which the incoming word is correlated simultaneously with all L possible

words (Reference 17). There are L correlator outputs, on which appear zeros for the
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wrongpossibilities andA for the correct one (under noise-free conditions). A decision

device selects the line having the greatest output. In the event that noise is present, so

that one digital bit in the incoming word is incorrect, there will still be a high probability

for selecting the proper word because of the redundancy. This decision process is known

as maximum-likelihood detection, and can be shown to minimize the probability of error

when all the words are equally likely and contain equal energies.

The carrier detection method must be carefully selected. It has already been stated

that all receiver circuits including the detector should be linear, especially at low signal

levels. A commonly used linear detection method is cross-correlation detection (Ref-

erence 18) in which the incoming signal plus noise (S + N) is multiplied by a locally gen-

erated best estimate of signal s*:

S*(S + N) = SS* + NS* ,

which, when averaged by a low-pass filter, yields the correlation coefficient (SS*)av e con:

taminated by the noise (NS*) ve. This process is linear in that the output signal-to-noise

ratio SS*/NS* is the same as that at the input. By comparison, in conventional square law

detection the detector output at low signal levels is

IS + N) 2 = S 2 + N 2 + 2SN .

In this process, the output signal-to-noise ratio is

S 2 S 1

N 2 + 2SN N (2 + N)

Thus, the degradation of signal-to-noise ratio for square-law detection compared with

correlation detection is 2 + IN/S). A practical method of constructing a correlation de-

tector is by the use of a phase-locked loop receiver.

Related to the problem of detection is one of signal coherence. A coherent system is

one in which the receiver is assumed to know at all times the phase of the unmodulated

transmitted signal. The a priori knowledge of the signal characteristic is greater for a

coherent signal than for a noncoherent signal; thus, some advantage may be expected if

the detection system is designed to take advantage of this knowledge. An example of a

coherent system is one employing bi-phase carrier modulation, in which the carrier wave

phases are 180 degrees apart for binary O's and l's.
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DATA RECOVERY

It is necessary to perform numerous functions at the stations where the spacecraft

data are received. As Figure 27 shows, these may include:

1. Data recovery. Receivers and primary data recorders for the receipt of the space-

craft data are necessary.

2. Spacecraft command. In many cases the spacecraft contains a command system,

which may be used to (a) control the transmitters, recorders, and other elements of the

spacecraft data system; (b) control other spacecraft subsystems such as the stabilization

system (for example, to direct a telescope at a new star), the power system, or the ther-

mal control system; or (c) control experiments by turning their power off or on, change

scale factors, change viewing directions, etc. Some receiving stations have transmitters

and code generators to supply the necessary command signals. These commands may be

transmitted according to a predetermined plan or upon looking at a live or delayed data

display.

3. Tracking. Stations which are established to receive spacecraft data usually have

tracking systems as well. This tracking function may use parts of the telemetry receiver

and antenna, as in the case of the Goldstone Lake station, or it may be provided by a differ-

ent antenna and receiver system, as in the case of the Minitrack interferometer tracking

system.

4. Timing. Since it is necessary that specific experimental data be associated with

position in space, it is necessary that accurate time be recorded with the received data.

The use of a spacecraft clock will not obviate this need, since it will still be necessary

to determine the spacecraft clock error by comparison with an accurate clock on the

ground. The usual technique is to provide a stable, precise oscillator at the receiving

station which is continuously or periodically compared with one of the standard time fa-

cilities such as radio station WWV. This local time signal is recorded on the magnetic

tape along with the received spacecraft signals.

5. Real-time Display. For some spacecraft, it will be necessary to reduce certain

portions of the data in real time at some of the receiving stations (and perhaps ultimately

at the operations control center by means of microwave or wire communications) so that

immediate corrective action may be taken in the event of a spacecraft subsystem mal-

function or of a need to readjust an experiment. Little real-time display has been neces-

sary so far, but, with the coming of the observatory-type spacecraft, the need is rapidly

developing for some real-time display at least at one central receiving station.
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DATA REDUCTION

Once the telemetry receiver output is available on the magnetic tapes it is necessary

to reduce these electrical signals into usable data. The magnitude of this task should not

be underestimated. The number of data points received from a single satellite can be ex-

tremely large. From the single GM counter flown in Explorer I (about the simplest space-

craft data system conceivable, but where essentially no processing was done before trans-

mission) roughly 100,000 data points were received during the active satellite lifetime of

32 days (a data point is a number obtained from a detector which can be associated with

satellite position, time, measuring interval, etc.). Other more complex systems have al-

ready yielded hundreds of thousands of data points, and the OGO spacecraft will be capable

of providing 2 × 10 11 data points during its lifetime. Obviously the establishment of tech-

niques for handling this volume of data cannot be assigned a low priority, to be taken care

of after the launching is successful. Also obviously, the time proven techniques for read-

ing data '_y hand" are not adequate for reducing spacecraft data, except for "quick look"

investigations.

The usual procedure for the handling of the telemetry tapes is shown in Figure 27.

They are forwarded to a central data reducing center at one of the NASA research centers

or, under certain circumstances, directly to an experimenter's laboratory. There they

are partially reduced, and the results are recorded on a medium which can be directly

used by the experimenters. These reduced data may take several forms including com-

puter tapes or cards, other magnetic tapes, oscillograms, or tabulations. The experi-

menters then further process these data so that they can conduct their analysis most

conveniently.

The use of high-speed computers for initial reduction of receiver output tapes and for

final reduction by experimenters is becoming more and more necessary. Both of the two

main data reduction steps -- the separation of the signals from the noise, and the proc-

essing of the "clean" signals -- can be accomplished by properly programmed general

purpose computers or by properly designed special purpose computers.

A very simple data reduction system (Figure 28) was used in the early Explorer IV

reduction program. The discriminators and moving pen oscillograph produced a paper

chart which was read by trained data readers. The manual operations required the ex-

penditure of approximately 6 man-years of effort to complete the reduction of about 6

weeks' data. Subsequently, a machine reduction system was perfected which produced

IBM punched cards in a single operation. This method proved considerably more accurate

than the manual method.

A representative present generation data reduction system is the Explorer VIII sys-

tem (Figure 29). A similar system will be used for the Explorer XII and S-51 (U.K.)

spacecraft. These spacecraft all make use of tone burst modulation, in which an audio
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Figure 28 -- The Explorer IV manual data reduction process

frequency (5 to 15 kc) oscillator is gated on and off. In the Explorer XII and S-51 systems,

the oscillator tone bursts of 10 milliseconds duration are followed by 10 millisecond

pauses. The frequency of the oscillator during the bursts is controlled by the data. A

single burst frequency can telemeter n digital bits, in which case there will be 2" possible

discrete frequencies. Alternatively, the burst can send analog data by making the fre-

quency proportional to the signal amplitude. The data system includes a commutator, so

that one burst is used for experiment 1, another for experiment 2, and so on. In Explorer

XII, the commutator had 16 inputs so that each frame was 16 bursts long. Frame syn-

chronization was provided by making the first burst in each frame longer than the others.

In the data reduction process, the magnetic tape recorder output is fed through a 120-

tooth comb filter, from which there are 120 output lines. The burst quantizer establishes

the burst and frame synchronization. The frequency quantizer integrates the outputs of

the 120 lines during the time that the bursts are present, and selects the one having the

greatest output amplitude. The quantizer outputs are fed to the decommutator, which re-

assembles the original data words. These words, plus the time signal, are recorded in

computer format on a magnetic tape; this may be used for further data reduction,
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Figure 29 -- The Explorer VIII data processing system

tabulation, or display by the computer, either at the central data reduction facility or by

the experimenter.

•CONCLUDINGREMARKS

This paper has discussed a few of the problems involved in properly designing a space-

craft data handling system, including the initial conditioning of the signals from the space-

craft sensors, the transmission of these conditioned signals to the earth, and the processing

of the data after receipt. Although it is not necessary that the experimenter understand

all the details of many parts of the system, he should have a general understanding of the

problems involved so that he can make the most efficient use of the spacecraft. He must

be particularly familiar with many of the processes occurring at the two ends of the sys-

tem (i.e., immediately following the spacecraft sensors, and just before the data appear

in final form at the output of the ground data reduction equipment), since these are the

places in the system where the basic form of the data is modified most strongly. It is

necessary that the experimenter understand in what ways the data are modified by the

complete data system.
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Present spacecraft systems are capable of collecting very large quantities of data.

The experimenter must remember that his role is to gain a greater understanding of the

physical universe, not merely to act as an efficient gatherer of data. He must require

that his instruments operate as efficiently as possible to assist him in this role. This

implies that he will employ automatic data processing techniques to the limit of the cur-

rently available technology, both in the spacecraft and on the earth for those processes

which do not actually require his human judgment.
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